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Abstract 
For this paper the influence of the shielding gas itself as well as the feeding method on austenitic welding joints was examined 
with thin sheets frequently used in the household appliance industry. The composition of the shielding gas mixture with active 
and/or inert gases was varied in the examination, and the effect on the weld seam could be made clear. By comparing different 
shielding gas feeding concepts, the process was optimized with regard to seam formation. Moreover, the influence of oxygen on 
the seam shape was examined in the deep welding regime on a specific example. 
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1. Motivation / State of the Art 
In the household appliance industry and/or in the field of canteen kitchen equipment the requirements as to the 
visual and corrosive properties of weld seams are particularly high. The joints are often within the visual area and 
must remain impervious in moist environments. Gaps are unwanted for reasons related to crevice corrosion and 
handling during cleaning. The materials used are mostly austenitic sheets in thicknesses from 0.4 mm to 1 mm. 
Typical applications are the welding of dishwasher or sink elements as well as cooking equipment internal casings. 
The processes of resistance spot welding with silicone sealing and plasma arc welding are widely applied, the sheet 
metal plates being joined by way of butt welding in the latter case. The high positioning requirements and the 
directional dependency of the plasma arc are disadvantageous, which results in welding defects in the narrow radii 
of the components. Applying a laser welding process instead, the positioning requirements can be reduced by 
creating a fillet weld in a lap joint, and process speed can be increased as well. 
Important criteria both for process stability and the requirements concerning the weld seam are the selection of 
the correct shielding gas mixture and the way of feeding it to the process. The seam must be finely scaled, metallic 
bright and evenly shaped. The process must not be subject to fluctuations so as to keep rejects at a minimum.   
2. Experimental 
There are two flows in the deep welding process that predominantly determine weld pool dynamics. One of them 
is the flow around the developing vapor capillary tube forming in opposite direction to the feeding direction (no. 4 in 
Figure 1). The second prevalent flow is caused by the metal vapor streaming upwards out of the vapor capillary tube 
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(no. 6 in Figure 1), [1]. 
Another flow influencing weld pool dynamics is the Marangoni flow. However, this flow plays a particularly 
important role in heat conduction welding where it is not superimposed and/or affected by other strong flows as is 
the case in deep welding [1],[2].  
 
 
1. Base material  4. Flow around the vapor capillary tube 
2. Weld pool   5. Escaping metal vapor 
3. Vapor capillary tube  6. Flow caused by the escaping metal vapor 
Figure 1. Fluid flows in the weld pool during deep welding 
During heat conduction welding the energy is directed into the workpiece by way of conduction in dependence 
on the heat conductivity Ȝ of the material. The heat is also conducted in the molten-up material by a convection 
current normally moving from the hot process center into the direction of the cooler edge regions [2],[3]. 
However, during the laser beam welding process, in contrast to other fluid flows, the different density due to 
varying temperatures is not the driving force behind the developing flow, but it is caused by the shear stresses acting 
upon the fluid. They result from the surface tension changing from the center of the point of action over to its edge 
regions [4],[5]. 
The reason for the variation of the surface tension ı is the distribution of temperatures in the melt that is 
determined by the manner of energy application and heat conduction. Thus, there are three cases for the following 
correlation: 
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This relation shows that in case of being negative, the surface tension decreases as the process temperature rises, 
thus being lower in the processing center than on the edges. Such a distribution of tensions on the weld pool surface 
leads to a force directed inwards resulting from the trend to create a balanced stress condition [5]. This action of 
force initiates an opposing shear stress Ĳ in the layer bordering on the fluid [5] that constitutes the driving force 
acting upon the weld pool, thus causing the Marangoni flow.  
The flow moving from the weld pool center to the edges leads to a large portion of the applied energy being 
distributed in layers close to the surface, thus, broad and flat weld seams being created (cf. left part of Figure 2) 
[1],[5]. 
The stress conditions can be influenced by surface-active elements. Such elements can be dissolved in the 
material in the form of constituents of alloys such as manganese or vanadium, or they can be introduced from the 
outside in the form of oxygen or carbon dioxide [6].  
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Oxygen and carbon dioxide belong to the group of active gases having an oxidizing effect [7]. In contrast to 
oxygen being always oxidizing, CO2 shows this effect only under high process temperatures. The reason for that is 
that atomic oxygen is only split off in high temperatures and subsequently available for oxidation [6],[8]. 
Through the reaction of the surface-active elements with atoms in the boundary layer the surface tension of the 
melt is increased. Since the solubility of oxygen reduces as the temperature rises, the mentioned effect decreases in 
the direction of the hotter weld pool center due to the dependency of the surface tension on the temperature, and the 
stress conditions on the weld pool surface change as well [5],[6].  
Said changed conditions on the weld pool surface lead to shear stresses Ĳ now being directed towards the center 
of action. The resulting Marangoni flow reverses accordingly.  
 
Figure 2. Direction of the Marangoni flow in the weld pool in dependence on the surface tension ı und the resulting aspect ratios 
As shown in the right part of Figure 2, the superheated melt is transported to lower-lying zones by the flow 
directed inwards. In this way, weld seams with a higher aspect ratio are formed. 
If the oxygen concentration is too high, an oxide layer will be formed on the melt that will prevent the 
development of a tension gradient and thus the Marangoni flow. The shape of the resulting weld seams resembles 
those created when there is a positive tension gradient. They are, however, not as deep because there is no active 
transport of energy-rich melt down into lower layers – which would be effected by the reversed Marangoni flow. 
[1],[5] 
Another active gas is hydrogen. It has, however, a reducing effect, i.e. oxygen is absorbed, and can thus prevent 
the oxidation of the remaining oxygen in the welding process. 
Moreover, hydrogen reduces the surface tension of the melt and thus improves the wetting behavior [6]. Another 
important property of hydrogen is its high heat conductivity of 0.1805 W·m-1·K-1. Similar to the use of helium, this 
allows the heat radiated during the welding process to be fed back to the process and, thus, the thermal power loss to 
be reduced. [2],[8]  
However, not only active elements can influence the welding process, but also inert gases such as argon or 
helium. They are inert due to the charge ratio. The two gases are, however, very different from each other in certain 
respects. For example, argon is 38 % more dense than air, while helium exhibits only a quarter of the density of air. 
Another difference is the ionization energy of the two gases. Using argon in welding processes with a high energy 
density can cause the formation of gas plasma as the ionization energy of argon is 15.8 eV, whereas the ionization 
energy of helium is 24.6 eV. The gas plasma can block the laser beam and consequentially reduce the application of 
energy into the workpiece. [9] 
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Furthermore, helium has a heat conductivity of 0.1513 W m-1·K-1 which is clearly higher than that of argon 
(0.0177 W·m-1·K-1). The higher heat conductivity of the helium can be utilized in order to supply the heat radiated 
during the welding process back to the process again. In this way, the thermal power loss resulting from heat 
radiation can be reduced [2],[10]. 
Due to the field of application in the household appliance industry involving the mentioned requirements, 
particularly the material properties such as corrosion resistance must be maintained when creating weld seams in 
this material. Thus, process gases with oxidizing portions are suitable for processing Cr-Ni steels only to a limited 
extent. Nevertheless, the effect of oxidizing gases on the test specimens shall be determined as their influence on 
surface tension can favorably change the wetting characteristics of the melt and thus the shape of the seam.  
In order to be able to evaluate the influence of process gas mixtures with active gas portions (with argon as basic 
gas) and inert mixtures containing argon and helium, the austenitic thin sheets in different thicknesses (0.4 mm, 0.5 
mm and 0.8 mm) were made subject to tests. So as to obtain realistic results, the sample sheets were joined in the 
form of lap joints under stationary gassing. The applied laser source was a diode laser with a maximum power of 1.3 
kW. Test analysis was carried through based on the parameters of welding depth t and welding area on the bottom 
sheet A (see Figure 3).  
 
Figure 3. Schematic representation of the evaluated parameters of welding depth and welding area with a fillet weld in a lap joint 
In order to clearly demonstrate the effect of an increasing oxygen concentration in the process gas, penetration 
welding tests in austenitic steel with a thickness of 3 mm were performed in the deep welding regime. The applied 
laser source was a fiber laser with a maximum power of 1 kW. The focal diameter was 400 μm. 
To facilitate a reduction of the number of tests, the variation of process parameters was limited to the variation of 
the process gas composition. Pretests enabled the determination of the process parameters for each material 
thickness such that it was possible to stably reproduce the welding process using pure argon as process gas.  
Table 1. Process parameters for the welding tests for seam type determination 
Material: 1.4301 (AISI 304) 
Laser Diode laser Fiber laser 
Material thickness [mm]: 0.4 0.5 0.8 3 
Laser power [W] 1,000 1,300 1,300 1,000 
Feeding rate [mm*s-1] 41 41 35 15 - 200 
Focal length [mm]: 177 200 
Focal position [mm] +/- 0 
Focal diameter [mm] 2 0.4 
Volume flow [l*min-1] 60 15 - 60 
Gas supply Stationary On-the-fly 
Seam type Fillet weld in a lap joint  Bead on plate 
3. Results and Discussion 
3.1. Influence of the Process Gas on the Heat Conduction Welding Process 
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The welding depths in dependence on the respective process gas composition and sheet thickness are shown in 
Figure 4 through 6. Each point comprises the mean value of at least three measured values. During the test series 
only the process gas composition was varied, whereas all other process parameters remained the same. Welds with 
99.996 % argon were produced for comparison. 
 
 
Figure 4. Course of the average welding depth in the bottom sheet applying an argon/hydrogen mixture 
Process gases containing hydrogen portions lead to smaller welding depths as the concentration increases, 
impairing particularly the binding behavior. Moreover, from a hydrogen concentration of 8 % the process gas was 
found to be glowing. The reduction of the above-mentioned values while applying a process gas containing 
hydrogen is attributable to the support of a Marangoni convection directed outwards [6]. That means that the 
convection is strong in layers close to the surface and does not reach into deeper workpiece zones to melt them.  
 
 
Figure 5. Course of the average welding depth in the bottom sheet applying an argon/helium mixture  
The welding depths of the argon/helium mixtures (Figure 5) are on a similar level as those under argon gas 
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supply. A significant increase was only observed with the 0.4 mm thick sheets. The cause of that may be 
decomposition due to the lower density of helium compared to argon in conjunction with an insufficient flow rate. 
The reduced flow rate is attributable to the relatively large cross-sectional area of the stationary applicator. 
 
 
Figure 6. Course of the average welding depth in the bottom sheet applying an argon/oxygen and/or carbon dioxide mixture  
Figure 6 shows that an increase in the values of welding depth and welding area can only be achieved by 
applying active gas portions with an oxidizing effect. However, to some extent said increased values are attended by 
severe oxidation of the weld upper bead and clearly visible heat-affected zones. Thus, process gas mixtures of that 
kind are not suitable for processing chromium-nickel steel. In addition, welding the 0.4 mm thick sheets to each 
other was impossible. 
The analysis of the results shows that the supply of pure argon when processing austenitic sheets constitutes the 
most economic solution. Only mixtures with active gas portions are capable of partly increasing welding depth or 
welding area respectively. This happens, however, at the expense of seam quality. 
 
  
Figure 7. Weld seam surfaces with (a) 99.996 % argon and (b) 95% argon + 5 % oxygen 
The following diagrams show the welding depth and the seam area of the bottom sheet for the different sheet 
thicknesses and gas mixtures. 
a) b)
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Figure 8. (a) Seam area and (b) welding depth of the bottom sheet with a sheet thickness of 0.4 mm  
In contrast to the welding depth, the seam area values show that, compared to argon gas supply, they increase 
significantly when argon/helium and argon/hydrogen mixtures are supplied, which also implies a Marangoni flow 
directed outwards.  
 
  
Figure 9. (a) Seam area and (b) welding depth of the bottom sheet with a sheet thickness of 0.5 mm  
  
Figure 10. (a) Seam area and (b) welding depth of the bottom sheet with a sheet thickness of 0.8 mm  
The behavior of welding depth and seam area of the bottom sheet with a sheet thickness of 0.5 mm as well as 0.8 
mm exhibits a similar course. It also shows clearly that both welding depth and seam area can only be increased by 
applying active elements. 
 
 
a) 
a) 
a) b)
b)
b)
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3.2. Influence of Oxygen on the Deep Welding Process 
The seam design can directly be influenced via the oxygen concentration in the process gas (Table 2). For 
example, gassing with an inert process gas has resulted in a distinct nail head shape of the seam cross-section and 
minor aspect ratios in this phenomenological analysis. Due to the free, non-oxidized weld pool surface the 
Marangoni flow can transport melt outwards, broadening the seam in the upper area (Figure 11 a) [2]. As the oxygen 
content increases, that shape reduces more and more to the point of parallel fusion faces with the correspondingly 
high aspect ratios. At that point, the oxide layer developing due to the oxygen content prevents the formation of a 
tension gradient and thus the development of a Marangoni convection (Figure 11 b) [1]. 
Table 2. Influence of increasing oxygen concentration on the seam shape in laser beam deep welding  
  
 
 
Welding depth is directly influenced by the oxygen concentration in the process gas as well. Through the nail 
head-shaped formation of the weld seams a large volume close to the surface is molten up. As a result, less energy is 
available in the deeper zones, leading to a reduction in welding depth [2], [6].  
 
Figure 11. Marangoni flow in dependence on the tension gradient a) dı/dT< 0 and b) dı/dT= 0 [1], [5] 
3.3. Testing of Different Shielding Gas Feeding Methods  
In order to test different shielding gas feeding methods, three system concepts were compared to each other. 
Those are a variable series connection of shielding gas fingers, a gas shower based on a trailing shield design and 
including a sintered metal insert, and a stationary gassing slat also equipped with a sintered metal insert. The 
purpose of the sintered metal is to facilitate a lean of turbulence flow onto the weld seam through its porosity. A 1 
kW fiber laser was applied, and the feeding rates were varied between 15 mm/s and 200 mm/s.  
Air 
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Figure 12. Tested shielding gas feeding concepts: (a) shielding gas finger series connection; (b) gas shower; (c) shielding gas slat 
At a temperature of more than 200°C (Toxi) the material reacts with the ambient atmosphere while cooling. Thus, 
full shielding gas application must be ensured during the process of cooling down to that temperature threshold. The 
heat conduction while welding can occur two or three-dimensional. This affects the cooling time tc. The nature of 
heat conduction can be determined through the transient sheet thickness. The transient sheet thickness st can be 
calculated as follows:  
  
       
       (2) 
 
 
Since the energy input per unit length E is dependent on the feeding rate vs, the energy inputs per unit length for 
the entire feeding area must be taken into account in order to determine the transient sheet thickness st. The values of 
thermal efficiency Șth, effective heat capacity cp, melting temperature Tmelt and density ȡ were taken from [11] and 
[12]. The ambient temperature T0 is 25°C. 
 
 
Figure 13. Sheet thickness transition in order to the feeding rate 
As shown in Figure 13 the nature of heat conduction changes over at a feeding rate of approximately 43 mm/s for 
a specimen of 3 mm thickness and a constant laser power of 1 kW. This means that at this point the model of a 
three-dimensional has to be considered. The transition from a two-dimensional to a three-dimensional heat 
conduction will change the cooling time tc of the material. The cooling time tc is proportional to the energy input per 
unit length and because of that also to the feeding rate. For a two-dimensional heat conduction case applies tc ן E² 
and for three-dimensional heat conduction case applies tc ןE. [10] Through thus, the path length which has to be 
shielded with gas decreases in a three-dimensional heat conduction case while E is constant. 
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The tests carried through showed that all three variants of process gas feeding in slow and high feeding rate 
ranges enable secure process coverage. The advantage of the series connection of shielding gas fingers compared to 
the gas shower was that due to the plasma torch being blown away a directed action of force of the shielding gas 
flow onto the melt was developed, and thus a finer scaliness and a more even seam surface were achieved. 
Furthermore, the use of two shielding gas fingers was sufficient in order to maintain the required gas coverage long 
enough and to produce metallic bright seams in accordance with the calculations. With a volume flow of 15 l/min 
that variant was also the one with the least gas consumption. In the case of the shielding gas slat the formation of the 
seams was similar to that of the gas shower. The difference was that due to the lateral supply of the process gas the 
plasma torch was blown away and a more even seam surface was achieved here as well. Since gas consumption was 
the highest during that process (60 l/min), the system is mainly suitable for application in a three-dimensional 
welding environment where the other two systems merely exhibit a limited degree of accessibility.  
4. Summary 
Of the shielding gas mixtures examined, pure argon exhibited the most efficient coverage. By applying active 
gases it was possible to influence weld seam formation through the modification of the tension gradient and thus the 
Marangoni flow. This happens, however, at the expense of seam quality. 
For 2 ½ D applications an arrangement of shielding gas fingers is best suitable with regard to coverage and seam 
formation. Shielding gas slats do cause an increase in gas consumption but also produce similar high-quality seams 
when positioned appropriately and are more advantageous in a three-dimensional welding environment.  
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